ABSTRACT Previous work from our laboratory identified several specific sites in Escherichia coli tRNAfMet that are essential for recognition of this tRNA by E. coli methionyl-tRNA synthetase (EC 6.1.1.10). Particularly strong evidence indicated a role for the nucleotide base at the wobble position of the anticodon in the discrimination process. To further investigate the structural requirements for recognition in this region, we have synthesized a series of tRNAfIet derivatives containing single base changes in each position of the anticodon. In addition, derivatives containing permuted sequences and larger and smaller anticodon loops have been prepared. The variant tRNAs have been enzymatically synthesized in vitro. The procedure involves excision of the normal anticodon, CAU, by limited digestion of intact tRNAMet with pancreatic RNase. This step also removes two nucleotides from the 3' CpCpA end. T4 RNA ligase is used to join oligonucleotides of defined length and sequence to the 5' half-molecule and subsequently to link the 3' and modified 5' fragment to regenerate the anticodon loop. The final step of the synthesis involves repair of the 3' terminus with tRNA nucleotidyltransferase. The synthetic derivative containing the anticodon CAU is aminoacylated with the same kinetics as intact tRNAfmet. Base substitutions in the wobble position reduce aminoacylation rates by at least five orders of magnitude. The rates of aminoacylation of derivatives having base substitutions in the other two positions of the anticodon are 1/55 to 1/18,500 times normal. Nucleotides that have specific functional groups in common with the normal anticodon bases are better tolerated at each of these positions than those that do not. A tRNAfMet variant having a six-membered loop containing only the CA sequence of the anticodon is aminoacylated still more slowly, and a derivative containing a five-membered loop is not measurably active. The normal loop size can be increased by one nucleotide with a relatively small effect on the rate of aminoacylation, indicating that the spatial arrangement of the nucleotides is less critical than their chemical nature. We conclude from these data that recognition of tRNAf ¶et requires highly specific interactions of methionyl-tRNA synthetase with functional groups on the nucleotide bases of the anticodon sequence.
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We have previously studied the effect of chemical modifications at 25 different sites in Escherichia coli tRNAfMet on the ability of the tRNA to be aminoacylated by E. coli methionyltRNA synthetase (EC 6.1.1.10) (1, 2) . Most of these structural alterations did not significantly impair the interaction of tRNAfmet with Met-tRNA synthetase; however, modification of specific nucleotides in three structural regions drastically reduced methionine acceptance. These results focused our attention on the anticodon, the variable loop, and the acceptor stem of tRNAfMet for more detailed analysis of the structural requirements for protein-tRNA recognition. We have shown that the anticodon wobble base plays an essential role in this process (3, 4) . In 37°C ) of poly(A,C) (1:1) with RNase U2 (0.5 unit/mg of RNA) in 50 mM sodium acetate, pH 4.5, followed by incubation with 0.125 M HCI at room temperature for 6 hr. The tetranucleotides GpCpApCp and GpCpUpAp were synthesized by addition of pCp to GpCpA and pAp to GpCpU, using T4 RNA ligase (8) . Treatment of the tetranucleotides with RNase T1 yielded the trinucleotides CpApCp and CpUpAp. The trinucleotides CpApUp, CpCpUp, ApCpUp, and CpUpUp were similarly synthesized by ligase-catalyzed addition of pUp to the corresponding trinucleoside diphosphates followed by cleavage of the resulting tetranucleotides with RNase T1. The tetranucleotide CpApUpAp was synthesized by addition of pAp to CpApU, using RNA ligase. All oligonucleotides were purified by column chromatography and analyzed as described elsewhere (3) . Oligonucleotides were phosphorylated at the 5' terminus by using [y-32P]ATP and PseT 1 polynucleotide kinase (9) .
Synthesis of tRNAflet Containing Altered Anticodon Loop Sequences. Half-molecule-sized fragments of tRNAM&et missing the anticodon nucleotides and two nucleotides of the 3' terAbbreviations: tRNATA'ut, tRNA containing the sequence CAU in the anticodon position that has been enzymatically synthesized in vitro from half-molecule-sized fragments of Escherichia coli tRNA Met (other synthetic tRNAs are similarly indicated by the sequences in their anticodon loops); p*, 32P-labeled phosphate. 6755 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
minal CpCpA sequence were isolated after limited digestion of the tRNA with pancreatic RNase (3). Intact molecules containing normal and altered anticodon loop sequences were synthesized by using RNA ligase and polynucleotide kinase,_ and the 3'-terminal sequence was enzymatically replaced by using tRNA nucleotidyltransferase, as described before (3 cpm/pmol). Samples were equilibrated at 260C for 5 min and reactions were initiated by addition of purified E. coli Met-tRNA synthetase. Incubation at 26°C was continued for various times and aliquots ,ul) were pipetted onto 2.5-cm Whatman 3 MM filter disks, and the disks were added to cold 10% trichloroacetic acid containing I mM unlabeled methionine (10 ml half-molecule -containing a3'-phosphate group. 5'-32P-Labeled oligonucleotides of different length and sequence were joined to the 3'-OH group of the 5' fragment by using T4 RNA ligase.
The extended 5' fragment and the 3' fragment were dephosphorylated at the 3' termini-and phosphorylated at the 5' termini with polynucleotide kinase and [y-32P]ATP. The anticodon loop was joined by incubation of the annealed complex with RNA ligase and the 3'-terminal CpCpA sequence was enzymatically repaired by using tRNA nucleotidyltransferase in the presence of unlabeled CTE and [a-32P]ATP. The final products were isolated by polyacrylamide gel electrophoresis in 7 M urea. All of the tRNA derivatives migrated in the position expected on the basis of the length of the oligonucleotide inserted in the anticodon loop except for tRNAMAeGt. Several different preparations of this derivative migrated more slowly on denaturing gels than the products prepared by other trinucleotide insertions. Low specific activity 32p labels were incorporated at the 5' and 3' termini and at the sites of joining in the anticodon loop, facilitating calculation of yields and product purity at each stage of the synthesis. Results were similar to those obtained previously for synthesis of tRNA!let derivatives containing base substitutions in the wobble position (3). Anticodon loop closure and CpCpA repair were essentially quantitative in all cases. The overall recovery of the desired tRNA derivatives was limited by the incomplete addition of oligonucleotides to the 5' half-molecule. The desired adducts were obtained in yields of 15-25%; however, partial degradation of the initial products by reverse reactions of RNA ligase (10) necessitated fractionation of the reaction mixtures on denaturing polyacrylamide gels and reduced the yield of desired product by as much as 50% in some cases.
Each tRNA derivative was digested with T1 RNase and the resulting'32P-labeled oligonucleotides were separated by chromatography on DEAE-ceHuloserin the presence of 7 M urea. All samples yielded the expected 5' and 3' oligonucleotides P*CpGp and CpApApCpCp*A plus an additional oligonucleotide derived from the anticodon loop region. The size of this oligonucleotide was determined by chromatography with unlabeled oligonucleotide markers. The anticodon sequence of normal tRNAfmet is found in an 11-residue oligonucleotide, CmpUpCpApUpApApCpCpCpG, after digestion with T1 RNase. The corresponding synthetic derivative yielded the labeled product CmpUp*CpApUp*ApApCpCpCpG, which migrated with the unlabeled oligonucleotide marker and yielded CmpUp* and ApUp* in a 1:1 ratio after further digestion with pancreatic RNase. Derivatives synthesized by insertion of CCU, CUU, ACU, CUA, and CAC in the anticodon loop also gave 32P-labeled undecanucleotides on digestion with T1 RNase, while insertion of CAUA and CACA yielded dodecanucleotides, insertion of CA yielded a decanucleotide, and insertion of C yielded a nonanucleotide. In each case, further digestion of the isolated oligonucleotide with pancreatic RNase gave the expected 32P-labeled products. The tRNAfMet derivative synthesized by insertion of CAG yielded the T1 RNase product CmpUp*CpApGp*, which gave CrpUp* and ApGp* in a 0.9:1.0 ratio after digestion with pancreatic RNase. On the basis of incorporated radioactivity, the products are 70-90% pure. On the basis of the ratio of 32P to A2w, specific activities of 800-1,000 pmol/A2m unit are obtained. As noted previously (3) , similar specific activities are obtained for equivalent amounts of intact tRNAfmet after electrophoresis and isolation from polyacrylamide gels due to contamination of small samples with nondialyzable, ethanol-precipitable UV-absorbing material from the gels. The 32p label incorporated during the synthesis has therefore been used to calculate the actual concentration-of each product for aminoacylation studies.
As a further check on the synthetic procedure, tRNA derivatives were labeled at the 5' termini. by using polynucleotide kinase and high specific activity [y-32P]ATP for gel sequence analysis by the-method of Donis-Keller et al. (11) . Sample autoradiograms obtained from sequencing the products synthesized by insertion of the trinucleotides CAU, CAG, and ACU Proc. Natl. Acad. Sci in the anticodon loop are shown in Fig. 1 . The sequencing gels confirm that the structure of each synthetic tRNA derivative corresponds to the predicted structure. All of the data indicate that the CAG derivative has the same sequence as tRNAMet except for the U--G base substitution in the anticodon, and we, therefore, conclude that the abnormal migration of this derivative on polyacrylamide gels is due. to an altered conformation under the partial denaturing conditions of the electrophoresis.
Aminoacylation of tRNAfmet Derivatives. The kinetic parameters for aminoacylation of tRNATAU were compared with those obtained with intact tRNAfmet and a control sample that was isolated from a denaturing polyacrylamide gel in parallel with the synthesized tRNAs. Intact tRNAfmet was aminoacylated with a Km of 0.8 A.M and a VmX, of 3 jumol/min per mg. Different preparations of control tRNANet isolated from the gel and tRNAAgu had the same Km but a 20-40% lower Vm,.
We conclude that a contaminant derived from the gel has a small effect on the rate of aminoacylationlby Met-tRNA synthetase; however, different preparations of the synthesized tRNAs gave very similar results, indicating that the effect is relatively constant for different samples.
Aminoacylation of the synthesized tRNA derivatives containing anticodon loop modifications was examined at a variety of Met-tRNA synthetase concentrations (Fig. 2) . Under con- In order to establish that no irreversible inactivation of the variant tRNAs-results -from isolation of samples on denaturing polyacrylamide gels, assays were also carried out on.crude synthetic reaction mixtures prior to product isolation; the-same rel- Table 2 have not been corrected for any effect of anticodon base substitutions on the rate of enzymatic deacylation by Met-tRNA synthetase. Alterations in the relative rates of the forward and reverse reactions catalyzed by aminoacyl-tRNA synthetases are normally characterized by observation of a low plateau level of product, the final value of which is dependent on the initial enzyme concentration (13) . Aminoacylation of the anticodonsubstituted tRNAfmet derivatives does not reach a premature plateau value, however, but continues to show a slow increase in the amount of product formed with time in prolonged incubations (Fig. 2) . This suggests that the major effect of these substitutions is to reduce the rate of the forward reaction rather than to increase the rate of enzymatic deacylation. The relative rates shown in Table 2 
DISCUSSION
The data presented in this paper and in previous publications (3, 4) indicate a crucial role for the anticodon nucleotides of tRNAelet for recognition by Met-tRNA synthetase. Aminoacylation is reduced to below levels of experimental detection by base substitutions in the wobble position, and lesser, although still dramatic, effects result from structural changes at the other two positions of the anticodon. Base substitutions could alter interaction of tRNAfmet with Met-tRNA synthetase by elimination of essential ligands, by steric or electrostatic interference with binding, or by introducing conformational changes that alter access of the enzyme to its normal binding sites on the tRNA. While we cannot entirely exclude the possibility that the synthesized tRNA derivatives have a conformation significantly different from that of native tRNA let, this seems an unlikely explanation for the wide range of effects of anticodon base substitutions on aminoacylation rates. In addition, we have previously examined the conformation of a similar tRNAfmet derivative containing uridine in the wobble position by highresolution NMR spectroscopy. Chemical deamination of the wobble cytidine to uridine eliminated methionine acceptor activity but produced no detectable loss of the secondary or tertiary N.H hydrogen bonds found in the native structure (2) . The available data also indicate that small changes in the geometry of the anticodon loop, such as those resulting from pyrimidine-purine substitutions or changes in the inherent base stacking properties of different nucleotides, cannot account for the large effects of anticodon base substitutions on aminoacylation rates. Enlargement of the anticodon loop by one nucleotide, which would be expected to cause a similar small shift in the position of anticodon nucleotides, has a relatively small effect on the aminoacylation rate. On the other hand, tRNAfmet having the permuted anticodon sequence ACU, with a normal purine-to-pyrimidine ratio and anticodon loop size, has no detectable activity. These results indicate that while the spatial arrangement of the loop plays some role, the major factor in recognition of tRNAfmet by Met-tRNA synthetase involves interaction of the enzyme with specific functional groups on anticodon nucleotides. The most stringent requirement is for a cytidine base in the wobble position. The inability of other bases to substitute even weakly for cytidine suggests that there may be a more extensive interaction of the enzyme with this nucleotide than with other anticodon bases, possibly involving simultaneous binding to the ribophosphate backbone and to functional groups on the pyrimidine ring.
The magnitude of the effect of sequence changes at the other two positions of the anticodon depends on the structure of the substituted base, those nucleotides having specific functional groups in common with the normal nucleotides being tolerated better than those that do not. Thus, cytidine inserted in the middle position of the anticodon contains the structure -N=C(NH2)-, found at positions 1 and 6 of the normal adenosine nucleotide, and yields a tRNAfmet derivative that is amino-acylated at a rate 15-fold higher than that of the corresponding uridine derivative lacking the basic ring nitrogen and exocyclic amino group. Similarly, guanosine contains the -NH-CO-structure found at the 3 and 4 positions of the uridine ring and is a 14-fold more effective substitute for uridine at the 3' end of the anticodon than is cytidine. The shown to result in an altered interaction of the 3' terminus of the tRNA with Phe-tRNA synthetase (24) , and tRNAT`P has been shown to induce a conformational change in beef Trp-tRNA synthetase that is dependent on the sequence of the anticodon loop (25) . The structural requirements for interaction of Met-tRNA synthetase with the anticodon bases of its tRNA substrates appear to involve highly localized sites on each nucleotide base, because the enzyme is relatively unaffected by significant structural alterations only a few atoms removed from the apparent contact sites. For example, saturation of the 5, 6 double bond of the uridine at the 3' end of the anticodon with bisulfite ion has only a small effect on the rate of aminoacylation of tRNAfmet (5) and the presence or absence of an acetyl moiety on the exocyclic amino group of the wobble base has no effect on the interaction of Met-tRNA synthetase with tRNAmet (26) .
Construction of tRNA derivatives containing base analogs more closely related to the natural nucleotide should assist in differentiating between positive and negative interactions of MettRNA synthetase with specific bases at each site of the anticodon and allow further resolution of the number and location of essential functional groups in this region.
